We conducted a double-blind, controlled study to investigate the effects of prolonged ingestion of margarine containing medium-chain triglycerides (MCT-M) on serum lipids, apolipoprotein and vitamin A levels, and on postprandial thermogenesis, compared with those of margarine containing long-chain triglycerides (LCT-M). Healthy subjects (n = 26, Body Mass Index 22.6 3.3 kg/m 2 , mean SD) were divided into two groups and ingested 1950-2400 kcal/day of energy, 59-69 g/day of total fat, and 42 g/day of test margarine (15 g/day of MCT or LCT) for 4 weeks. Intake of medium-chain fatty acids was significantly greater with the MCT-M diet (14.2 0.4 g/day, mean SD) than with the LCT-M diet (0.2 0.0 g/day) during the 4-week period. There were no significant differences in the blood concentrations of lipids, lipoproteins, apolipoproteins, retinol, glucose, insulin, ketone, hemocytes and electrolytes, or in measures of liver and renal function, between the diet groups. After prolonged ingestion of MCT-M, consumption of an MCT-M meal led to a significant increase in postprandial O 2 consumption compared with an LCT-M meal (after 30 min: MCT-M 45 7 ml/min vs. LCT-M 30 7 ml/min; mean SE). In conclusion, we suggest that the influences of ingestion of MCT-M for 4 weeks on serum lipids, lipoproteins, apolipoproteins, retinol, ketones, plasma glucose and liver and renal function were similar to those of LCT-M. We also suggest that the prolonged ingestion of 15 g of MCT in healthy humans did not attenuate the postprandial thermogenesis caused by meals containing 5 g of MCT. From these suggestions, MCT-M have a possibility of being efficient foodstuff for preventing obesity in healthy humans.
Introduction
Medium-chain triglycerides (MCT), consisting of C8 and C10 fatty acids, are metabolized differently from common fats and oils (1, 2) . MCT are hydrolyzed more rapidly and metabolized more completely than longchain triglycerides (LCT), and this rapid oxidation means that they are not deposited as fat (1, 2) . Additionally, MCT intake significantly suppresses the postprandial increase in blood triglyceride level (3) and significantly increases postprandial thermogenesis (4) (5) (6) (7) (8) , which also lower fat deposition (9) . With regard to the mechanism of thermogenesis, several studies have shown that MCT-fed rats had higher oxygen consumption than LCT-fed rats after the administration of norepinephrine or the sympathetic activation of brown adipose tissue (10) (11) (12) .
However, there were contradicting results in humans that MCT increased triglyceride (13) , total cholesterol (14, 15) and very-low-density lipoprotein (VLDL) (14) compared with LCT. These studies suggest that the ingestion of MCT might impair blood lipid profiles. Also White et al. (16) investigated the effect of prolonged feeding of MCT on postprandial thermogenesis after MCT intake. In their study, although mean postprandial total energy expenditure (TEE) on day 7 was significantly greater with the MCT diet than with the LCT diet, on day 14 postprandial TEE with the MCT diet was not significantly greater than with the LCT diet. On the other hand, St-Onge et al. (17) reported that MCT-feeding obese women showed significant increases in average energy expenditure and fat oxidation on day 27 after ingestion of an MCT meal compared with after ingestion of an LCT meal. These conflicting observations indicate that the effect of prolonged ingestion of MCT on postprandial thermogenesis remains unclear.
MCT are hydrolyzed rapidly and absorbed quickly without chylomicron formation (1) , so that ingestion of MCT might affect the absorption of fat-soluble vitamins. Indeed, a study using rats showed that the intestinal absorption of vitamin E was enhanced by solubilization in MCT (18) . On the other hand, Borel et al. reported that ingestion of MCT diminished chylomicron b-carotene and retinyl palmitate levels (19) . It is important to determine if ingestion of MCT affects the serum concentration of fat-soluble vitamins in humans.
We recently reported that the ingestion of margarine containing 5 g of MCT decreased body fat and visceral fat compared with LCT (20) . In this study, we incorporated the MCT into the diet in the form of margarine (MCT-M), since the use of MCT in everyday life presents the problem of a lower smoke point during frying (21) . However, the influences of ingestion of large amounts of MCT-M in healthy humans were little known.
The aim of the present study was to investigate the effects on the concentrations of serum lipids, lipoproteins, apolipoproteins and vitamin A, and on postprandial thermogenesis, when healthy subjects ingested a diet containing 15 g/day of MCT for 4 weeks. Control subjects consumed an equal amount of LCT (vegetable oil; blended rapeseed and soybean oils). Moreover, we investigated the effects of MCT-M on liver and renal function, hemocytes, plasma glucose, and serum ketones, insulin and electrolytes compared with a margarine containing LCT (LCT-M). Since MCT are absorbed rapidly from the intestinal tract and are transferred immediately to the liver via the portal vein (1,2), the ingestion of a large amount of MCT might cause the accumulation of medium-chain fatty acids (MCFA) in the liver, affecting liver function.
Experimental 1 Subjects
The present study was carried out in accordance with the Helsinki Declaration of 1964, as revised in 2000, and was approved by the Ethics Committee of Ochanomizu University. The study subjects were 26 Japanese men (n = 15) and women (n = 11) aged 22-59 years. Informed consent was obtained from each subject. Before starting the experiment, height, body weight and fasting blood chemistry were measured for each subject. A questionnaire survey was used to determine that all subjects were generally healthy and free from liver or renal disorders. The meals taken by the study subjects were investigated by use of a 3-day weighed food record. We asked each subject about their activity level, habitual alcohol consumption and allergies to particular foods. The activity levels of the subjects were categorized according to the 6th Revision of the Recommended Dietary Allowance for Japanese (22) 
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Test Diet
MCT were purchased commercially (Nisshin Oillio, Tokyo, Japan). Common cooking oil containing blended rapeseed oil and soybean oil (Nisshin Oillio) was used as the LCT. Test margarines containing LCT or MCT (42 g margarine containing 15 g test oil) were prepared. The fatty acid compositions of the LCT-M and MCT-M are given in Table 2 .
3 Protocol and Diet Regimen
A double-blind, controlled study was carried out. The 26 subjects were divided into two groups and assigned to one of the diet groups so that the measured values before the experiment were almost equal. The subjects were asked to consume 1950-2400 kcal/day of energy, including 59-69 g/day of total fat (25.2-27.9 energy percent), and to keep their physical activity at a fixed level during the 4-week experiment.
Before starting the study, all subjects were given thorough instructions in dietary regulation. The test margarine was to be consumed every day as a staple food at breakfast, lunch, or dinner with bread. For lunch and dinner, the subjects were asked to consume a variety of packaged meals that contained almost equivalent nutritional value every day for 4 weeks. The mean energy contents of the packaged meals were approximately 360 kcal for lunch and 200 kcal for dinner. The mean total fat contents of the packaged meals were approximately 10 g for lunch and 9 g for dinner. The subjects were asked to consume 150 g/day of fruit, 100 g/day of vegetables (total of approximately 130 kcal/day) and a chicken egg, and to consume side dishes or snacks containing 50-500 kcal and 0-10 g of fat every day. When the subjects were unable to consume the packaged meals for specific reasons, they were asked to eat meals from a restaurant or fast-food outlet that had almost equivalent nutritional value. If the subjects were unable to consume these alternative foods because of personal circumstances, individual directions were given in advance. The subjects were asked to restrict their intake of alcoholic beverages to less than or equal to 25 ml of ethanol equivalent per day.
The subjects were asked to fill out each day a form to record the consumption of packaged meals, fruit, vegetables, egg, snacks, and beverages during the experiment. The record form was collected weekly to confirm their dietary intakes and, if necessary, the subject was instructed immediately to adhere more strictly to the 
4 Blood Characteristics
Blood samples were taken in the morning after an overnight fast, before and after 4 weeks of the experiment. Serum concentrations of total cholesterol, triglyceride, phospholipids and free fatty acids were measured with a 7170 automated system (Hitachi, Tokyo, Japan). Serum cholesterol and triglyceride concentrations, which were VLDL, low-density lipoprotein (LDL), and high-density lipoprotein (HDL), were assayed by agarose-gel electrophoresis (REP; Rapid Electrophoresis System, Helena Laboratories, Saitama, Japan) (24) . Serum lipid peroxide concentration was assayed on a JCA-BM12 automated system (JEOL, Tokyo, Japan) by the thio-barbituric acid method. The concentrations of serum apolipoprotein (apo) A-I, apo A-II, apo B, apo C-II, apo C-III and apo E were assayed on a JCA-BM12 automated system (JEOL) by immunological methods. Vitamin A was measured with a HPLC800 series system (JASCO Corporation, Tokyo, Japan). The concentrations of plasma glucose and serum ketone bodies were assayed on a JCA-BM12 automated system (JEOL) by enzymatic methods. Serum insulin concentrations were measured on an ARC950 system (Aloka, Tokyo, Japan) by radioimmunoassay. Hematological measurements were performed with an SE-9000 automated system (Sysmex, Kobe, Japan). Other assays (liver function tests, hemocytes, renal function and serum electrolytes) of blood samples were done on a 7170 automated system (Hitachi).
5 Postprandial Thermogenesis
For the postprandial thermogenesis test, informed consent was obtained from 9 subjects out of 26 subjects. Five subjects were assigned to the MCT-M diet group, and 4 subjects were assigned to the LCT-M group. The test meal was served in the form of a sandwich and clear soup. The sandwich contained bread, jam and test margarine. The total energy of the test meal was approximately 480 kcal, and it included 14 g of test margarine containing 5 g of MCT or LCT. At day 23 of dietary regulation, the subjects in the MCT-M or LCT-M diet groups ingested test meals containing MCT-M or LCT-M, respectively. After a 1-week washout period following the experiment (continued dietary regulation with daily ingestion of 15 g of MCT or LCT), the subjects ingested a test meal including the other type of margarine.
The subjects ingested the test meals in the morning after an overnight fast and then rested, mostly in a sitting position. O 2 consumption and diet-induced thermogenesis (DIT) were measured before and for 6 h after the ingestion of the test meal. All measurements were carried out under fixed conditions at a room temperature of [25] [26] and a room humidity of around 50-55%. The measurements of O 2 consumption and DIT were done with an Aeromonitor AE-300S (Minato Medical Science, Osaka, Japan) (25).
6 Statistical Methods
The data for food intake and fasting blood chemistry are expressed as mean values standard deviation. Differences in food intake between the MCT-M and the LCT-M diets were compared by Student's t-test. Differences in the values of the measurements between the MCT-M and the LCT-M diets were compared by a repeated-measures analysis of variance (ANOVA). Interaction of diet period was included in the model as a fixed effect. When significant differences were observed, a comparison of means was carried out by Mann-Whitney U test to examine the difference in treatment effects between the two diets.
The data for O 2 consumption and DIT are expressed as mean values standard error. Differences in the values of the measurements between the MCT-M and the LCT-M meals in each assigned diet group after the 4-week experiment were compared by a paired Student's t-test. The data for DIT were also tested to compare the relationship among the values for two (LCT-M or MCT-M) meals two (LCT-M or MCT-M) diet groups by one-way ANOVA. If significant differences were detected, Tukey's procedure for multiple comparisons was performed for evaluation of the differences among the values of two meals two diet groups.
All statistical analyses were performed with SPSS for Windows (version 10.0J; SPSS Japan, Tokyo, Japan). Differences at P<0.05 were considered significant.
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1 Nutrient Intake
No significant differences were found in the intakes of energy, fat, protein, carbohydrate, cholesterol, retinol equivalents and alcohol between the MCT-M and LCT-M diet groups during the 4-week period. Reflecting the ingestion of the test diets, MCFA intake was significantly greater with the MCT-M diet than with the LCT-M diet. Antithetically, the intakes of saturated, monounsaturated, n-6 polyunsaturated, and n-3 polyunsaturated fatty acids were significantly lower in the MCT-M diet group than in the LCT-M diet group ( Table 3) .
2 Blood Characteristics
The mean concentrations of all blood parameter were within normal limits.
The mean serum concentrations of total cholesterol and phospholipid decreased during the 4-week experimental period with both diets. The mean levels of LDL and HDL cholesterol also decreased during the 4-week experimental period with both diets. The mean levels of VLDL cholesterol, VLDL, LDL and HDL triglyceride were largely unchanged in both diet groups after 4 weeks. The mean serum concentrations of triglyceride, free fatty acids and lipid peroxides were also largely unchanged with both diets. For these serum lipids, no significant differences were found between the MCT-M and LCT-M diets ( Table 4) .
With respect to apolipoprotein levels, the mean concentrations of apo A-I, A-II, B and E decreased with the MCT-M diet as well as with the LCT-M diet. The mean concentrations of apo C-II and C-III decreased more with the LCT-M diet than with the MCT-M diet. There were no significant differences between the diets in mean concentrations of apo A-I, A-II, B, C-II, C-III and E ( Table 5) .
Regarding liver function, the mean activities of serum enzymes in both diets decreased slightly, except for alkaline phosphatase. On the other hand, the mean concentrations of total bilirubin, total protein and albumin were largely unchanged with both diets. The mean levels of serum retinol decreased with both diets. However, there were no significant differences between the diets with respect to the means of these parameters before and after the 4-week experiment ( Table 6 ).
The mean plasma glucose levels were unchanged with both diets. The mean serum insulin concentrations decreased during the 4-week experimental period in both diet groups. There were no clinically significant changes in mean concentrations of total ketone bodies, 3-hydroxybutric acid and acetoacetic acid with either diet after 4 weeks. There were no significant differences between the diets in the mean concentrations of plasma glucose, serum insulin and ketones before and after the 4-week experimental period ( Table 7) . With respect to hemocytes, renal function and serum electrolytes, the means of these parameters were unchanged in both diet groups. No significant differences were observed between the diets in these parameters before and after the 4-week experimental period ( Table 8) .
Postprandial Thermogenesis
The 4 subjects in the LCT-M diet group, as well as the 5 subjects in the MCT-M diet group, showed a significantly increased O 2 consumption at 30 min after the ingestion of the MCT-M meal compared with after ingestion of the LCT-M meal (Fig. 1) . The subjects in the LCT-M diet group showed significantly increased cumulative values of changes of DIT at 30 and 60 min after the ingestion of the MCT-M meal compared with after ingestion of the LCT-M meal. The subjects in the MCT-M diet group also showed significantly increased cumulative values of changes of DIT at 30, 60 and 120 min after ingestion of the MCT-M meal compared with after ingestion of the LCT-M meal. On the other hand, for multiple comparisons among the two meals the two diet groups, there were no significant differences in cumulative values of changes of DIT, except for 30 min ( Table 9 ).
Discussion
The aim of the present study was to investigate the effects on serum lipids, lipoproteins, apolipoproteins and vitamin A and on postprandial thermogenesis when healthy subjects ingested a margarine containing 15 g/day of MCT for 4 weeks. In a human study, mean changes in total-, LDL-and HDL-cholesterol, triglyceride and apo A-I and B with an MCFA diet (10% of MCFA consumption to total energy intake; approximately 2200 kcal/day) were not different from those with an oleic acid diet (26) . Similarly, in the present study we found that ingestion of MCT-M or LCT-M (6% of MCT or LCT consumption to total energy intake; approximately 2150 kcal/day) caused no significant differences in these blood parameters. Moreover, Wang et al. showed that there was no relationship between serum concentrations and intestinal expressions of apolipoproteins with MCT-fed newborn swine (27) . From their and our results, and in accordance with Wang et al. (27) , we suggest that intestinal expression of apo A-I, A-II and B might not affect serum apo A-I, A-II and B concentrations in humans, since these apolipoproteins may be regulated at the posttranslational level. However, MCT showed a substantial increase of serum triglyceride concentration (13) , and also increased significantly plasma cholesterol and VLDL (14) . The differences between their and our results might be caused by the rates of MCT consumption to total energy intake. In their studies, the rates of MCT consumption to energy intake were 40% (13) and 43% (14), respectively. As the proportion of MCT consumption to total energy intake increases, blood concentrations of triglyceride or cholesterol appear to increase. On the other hand, Asakura et al. (15) showed that a significant increase in total cholesterol was found with MCT diet (12.5% of MCT consumption to total energy intake). However, in their study, cholesterol intake was unclear. We recently reported that the ingestion of margarine containing 5 g of MCT (2% of total energy There were no significant differences between the diets. intake; approximately 2200 kcal/day) decreased body fat and visceral fat compared with LCT (20) . When the subjects ingested efficient amount of MCT for body fat reduction, serum concentrations of lipids and lipoproteins were unchanged. These results suggest that ingestion of appropriate amount of MCT with a strictly controlled diet might not increase blood lipid levels. Also, Ball conducted parenteral nutrition with MCT/LCT or LCT emulsions in malnourished patients for 6-28 days to investigate blood parameters regarding hematological indices and liver and renal functions (28 There were no significant differences between the diets. that MCT appeared to be as safe and effective as LCT.
Similarly, we conducted a controlled study of the ingestion of MCT-M or LCT-M in healthy subjects for 4 weeks, and showed that the mean values of all measured blood parameters with both diets were within normal limits after 4 weeks. These results suggest that MCT intake might not adversely affect blood parameters regardless of subjects or manner of ingestion. Ingestion of a test meal containing 120 mg of bcarotene incorporated into 40 g of MCT diminished chylomicron b-carotene and retinyl palmitate responses (19) . Ingestion of MCFA (caprylic acid) had also little effect in Cellular retinol-binding protein, type II (CRBP II) mRNA levels (29) . CRBP II is abundantly expressed in small intestinal epithelial cells and plays a pivotal role in intestinal absorption of retinol and b-carotene (30) . However, in the present study, the serum level of retinol in the MCT-M diet group was not significantly different from that in the LCT-M diet group. As Borel et al. (19) suggested, b-carotene and retinol might be absorbed without chylomicron formation and be transported via the portal system along with MCFA. However, further studies are required to confirm this supposition. On the other hand, another study using rats showed that the lymphatic output of retinol was increased by administration of a physical mixture of fish oil/MCT oil (45/55) with 3 H-retinol (31) . In the present study, MCT-M also contained additional fat derived from LCT. Also, the dietary regimen in the present study required subjects to ingest not only 15 g/day of MCT, but also 59-69 g/day of total fat. We suggest that MCT-M ingestion in a form similar to food intake in daily life might have little effect on b-carotene and retinol absorption.
In the present study, significantly increased DIT and O 2 consumption were found in both diet groups when the healthy subjects ingested an MCT-M meal compared with an LCT-M meal. This result suggests that the ingestion of 5 g of MCT still had significant thermogenic effects even after subjects had ingested 15 g/day of MCT for 4 weeks. However, previous studies had conflicting (16) or similar findings (17) to our result. In the study by White et al., the content of MCFA in the test meal with MCT was approximately 8% whereas in the present study and that by St-Onge et al. the test meal with MCT contained approximately 40%. The difference between our results might be caused by the fatty acid composition of the test meals. Moreover, no significant differences between the two diet groups were observed in cumulative values of changes of DIT at 360 min after ingesting the test meals with same type of margarine. This data also suggests that the prolonged ingestion of MCT-M did not attenuate DIT compared with ingestion of LCT-M.
In conclusion, we suggest that the influences of ingestion of MCT-M for 4 weeks on serum lipids, lipoproteins, apolipoproteins, retinol, ketones, plasma glucose and liver and renal function were similar to those of LCT-M. We also suggest that the prolonged ingestion of 15 g of MCT in healthy humans did not attenuate the postprandial thermogenesis caused by meals containing 5 g of MCT. From these suggestions, MCT-M have a possibility of being efficient foodstuff for preventing obesity in healthy humans.
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